If dark energy is an ultra-light scalar field, or quintessence, then such a field could couple to ordinary matter, resulting in time variation of the constants of nature over cosmological time scales and the violation of the weak equivalence principle. Recent evidence for time variation of the fine structure constant α may be one of such signatures of quintessence. We point out that the observeḋ α could severely constrain the class of the quintessential potential. The future satellite experiment (STEP) should measure the induced violation of the weak equivalence principle.
I. INTRODUCTION
The Universe is replete with dark energy. If dark energy is dynamical, the dynamics is described by an ultra-light scalar field with its mass < ∼ H 0 , or quintessence. Such a field could interact with ordinary matter unless forbidden by symmetries. Because the field is dynamical and the exchange of light fields gives rise to long range forces, the interaction of the field with ordinary matter would result in time variation of the constants of nature over cosmological time scales and the violation of the weak equivalence principle. Those effects have not been observed [1] . Therefore such direct couplings have been believed to be strongly suppressed [2, 3] .
Recently, however, the observations of a number of absorption systems in the spectra of distant quasars indicate a smaller α in the past and the optical sample shows a 4 σ deviation for 0.5 < z < 3.5: ∆α/α = (−0.72 ± 0.18) × 10 −5 [4] . On the other hand, we know the severest limit onα coming from the analysis of the isotope abundances of the Oklo natural reactor operated 1.8 Gyr ago: |∆α|/α < ∼ 10 −7 . Can both data be compatible? In this paper, we highlight the difference between the QSO data and the Oklo limit and then point out the potential significance of those data to constrain the model of quintessence. We also estimate the degree of the violation of the equivalence principle to motivate future precision experimental tests of the equivalence principle [5] While we were preparing this paper for the submission, we became aware of related papers [5, 6] . Ref. [5] discussed a fifth force-type long range interaction mediated by the scalar field. Ref. [6] studied a model with a large coupling between non-baryonic dark matter and the scalar field.
II. QSO, OKLO, AND QUINTESSENCE
From the perspective of effective theory, any couplings of the quintessence field to ordinary matter should not be neglected unless they are forbidden by symmetry [2] . Therefore we expect for example, the coupling between φ and photon 1 :
where f (φ) is a function of φ. Therefore the fine structure constant becomes a function of φ: α = α(φ). We may expand α(φ) about the present value φ = φ now assuming φ − φ now < M pl : If no symmetry is imposed, the change of α can generally be written to the leading order of φ/M pl
where ∆φ ≡ φ then − φ now . The observational evidence indicates for 0.5 < z < 3.5, ∆α/α ≃ −10 −5 , which in turn implies
Such time variation can be explained for a wide class of quintessential potential. An example is shown in Fig.1 for the inverse power-law potential ∝ φ −2 with Ω M = 0.3 and h = 0.65. We also plot the data from the Oklo phenomenon. Ancient natural nuclear reactors were discovered in the ore body of the Oklo uranium mine in Gabon, West Africa. The reactor operated about 1.8 billion years ago corresponding to z ≃ 0.13.
2 The anomalous isotope ratio of 149 S m / 147 S m was reported: it is 0.02 rather than 0.9 as in natural samarium due to the neutron flux onto 149 S m during the uranium fission. From an analysis of nuclear and geochemical data, the operating conditions of the reactor was inferred and the thermally averaged neutron-absorption cross section of 149 S m could be estimated. The potential energy of the nucleus V 0 ∼ 1MeV and its change ∆V 0 is related to the change of α via the Coulomb energy: [11]. These limits imply
The required changes of φ as a function of z are exhibited in Fig. 2 where we adopted the most conservative limit by Damour and Dyson. Fig. 2 shows that φ must have reduced its (absolute) value by more than two orders of magnitude only recently, z < ∼ 1. It is noted, however, that the Oklo limit is geophysical one, and assigning the Oklo event the "cosmological redshift" z ≃ 0.13 may be dangerous [12] . Therefore, other cosmological observations of nearby absorption systems (z < ∼ 0.5) are required to settle the situation. The current result is consistent with a null result [13] .
The two data Eq.(4) and Eq.(6) imply that the scalar field stopped moving after z ≃ 1. Therefore, if we take the recent QSO data and the Oklo data at their face values and attempt to explain them in terms of the quintessential coupling to photon, then we should envisage a model in which a potential has a local minimum into which the scalar field was trapped only recently (z < ∼ 1), which would require a fine-tuning of model parameters, or a model with a large coupling between non-baryonic dark matter and the scalar field. [6] . An example is Albrecht-Skordis model [14] , Barreiro-Copeland-Nunes model [15] , or supergravity-inspired models [16, 17] to name a few. In passing, we also mention cosmological limits on ∆α/α coming from the Big-Bang Nucleosynthesis and cosmic microwave background. The limits are summarized in Fig. 3 .
Changing α induces a change in the mass difference between neutron and proton, Q, which changes the neutron-to-proton ratio at the freeze-out of the weak interactions and hence results in the change in the primordial helium abundance, Y p . The α dependence of Q can be written as [18] [19] [20] Q ≃ 1.29 − 0.76 × ∆α/α MeV.
Comparing with the observed Y p , a limit on ∆α/α is obtained: |∆α/α| ≤ 2.6 × 10 −2 [19] . Recently, it is argued that the presently unclear observational situation concerning the primordial abundances precludes a better limit than |∆α/α| ≤ 2 × 10 −2 [21] , which implies λ (|∆φ|/M pl ) < ∼ 10 −4 . Changing α alters the ionization history of the universe and hence affects the spectrum of cosmic microwave background fluctuations: it changes the Thomson scattering cross section,
2 e , and hence the differential optical depthτ of photons due to Thomson scattering throughτ = x e n p σ T where x e is the ionization fraction and n p is the number density of electrons; it also changes the recombination of hydrogen. It is shown that the future of cosmic microwave background experiment (MAP, Planck) could be sensitive to |∆α/α| ∼ 10 −2 ∼ 10 −3 [22] [23] [24] [25] [26] , which implies λ (|∆φ|/M pl ) < ∼ 10 −4 ∼ 10 −5 . 
III. EQUIVALENCE PRINCIPLE
The direct coupling of the form in Eq.(1) also induces the violation of the weak coupling principle because the baryon mass is then a function of φ. We repeat the analysis by Dvali and Zaldarriga [5] and slightly update it.
The modification of the nucleon mass comes from the electromagnetic radiative corrections. The leading order of the correction of proton and neutron mass is represented by [18] 
where "i" runs p and n, with
In this situation, the nucleon mass m i is not a constant, but depends on φ. Then, the nucleon-φ coupling induces the effective Yukawa interaction,
where N i means the spinor of a nucleon "i". Using Eq. (3), the coupling constant g i is represented by
Therefore, the exchange of φ induces the extra-ordinary scattering among nucleons, and leads to the Yukawa potential,
where r is the distance between the Earth and the test body, m φ is the mass of φ, and n E i (n j ) denotes the number of the nucleons in the Earth (test body). These couplings depend on the nucleon species, and that leads to the violation of the equivalence principle. Because the mass of φ is light (m φ ∼ H 0 ), we only consider the following shape of the potential in this study,
The acceleration induced by the φ-exchange force is given by
where m is the mass of the test body. On the other hand, the usual Newtonian acceleration is given by
with the mass of the Earth M E . Namely the total acceleration is represented by
It is convenient for us to introduce the following parameter to study the difference in accelerations of two different test bodies in Eötvös-Dicke-Braginsky type of experiments [27] [28] [29] ,
where a 1 and a 2 are the accelerations of two bodies. Here we assume that the test body has almost equal mass each other, m 1 ≃ m 2 , i.e., n n,1 + n p,1 ≃ n n,2 + n p,2 . In addition, we also assume that m = (n n + n p )m, and M E = (n E n + n E p )m where m denotes the atomic mass unit (≃ 0.931 MeV). Then, for relatively small λ (≪ O(10)), we find
∆R n ∼ ∆R p ∼ 0.06 -0.1 for typical materials used in the experiments (copper, lead, and uranium). Adopting the above values, we find that
Using the results in Fig. 1, i. e., λ ∼ several ×10 −7 which agree with the QSO data, Eq. (20) leads
This value is quite smaller than the present upper bound in Eötvös-Dicke-Braginsky type of experiments, η < 10 −13 [30] , and consistent with it. We note, however, that the proposed satellite experiment, such as STEP (Satellite Test of the Equivalence Principle) [31], should be able to detect such a violation. STEP would be sensitive to the violation in the range η ∼ 10 −13 ∼ 10 −18 .
IV. SUMMARY
Assuming that dark energy is an ultra-light scalar field (or quintessence), we have quantified the required cosmological change of the scalar field to explain both the recent QSOs data and Oklo data. If the reported measurements of nonzero ∆α/α are true, combined with the Oklo limit they would strongly constrain the class of quintessential potential. Future observations of nearby absorption systems may clarify the situation. Furthermore, the proposed satellite experiment for testing the equivalence principle (STEP) should detect the violation of the weak equivalence principle induced by a scalar force mediated by quintessence. 
